Abstract. The energy efficiency of microwave irradiation for bioethanol production from sago bark waste (SBW) was studied. The maximum sugar yield of 62.6 % was reached at the biomass loading 20% (w/w). The high ethanol yield of 60.2% theoretical yield, ethanol concentration 30.67 g/l was achieved by diluted sulfuric acid supported microwave irradiation with 40% (w/w) biomass loading at 60 h fermentation. The energy consumption of microwave irradiation to produce 1 g sugar and 1 g ethanol was calculated separately. The lowest energy consumption was noticed while biomass loading and energy input were fixed at 40 % (w/w) and 33 kJ (1100 W for 30 s) respectively, and it is amounted to 1.27 and 1.76 kJ to produce 1 g of sugar after enzymatic hydrolysis and 1 g ethanol after fermentation, individually. Usually, 1 g ethanol can produce approximately 27 kJ of energy, and therefore, the energy input for the microwave pretreatment was only 7% of the energy output. The microwave irradiation technique established for SBW to produce ethanol succeeded in 80% energy savings for producing 1 g ethanol compared to rape straw by microwave pretreatment previously reported.
Introduction
The use of bioethanol in the transport sector can save significant amount of fossil fuels and reduce greenhouse gas emission. Currently, ethanol production based on corn starch and sugar substances may not be desirable due to their food as feed value. Lignocellulosic biomass is renewable, low cost and is abundantly available globally [1] . In Sarawak, the waste from sago starch processing industry such as sago bark (peelings from initial processing), sago 'hampas' (fibrous byproducts from crushing and sieving) and sago waste water can be used as promising renewable and cheap starchy lignocellulosic biomass feedstock for bioethanol production as well as avoiding the need for alternative waste management. Since it contains starch, cellulose and hemicellulose bound together by lignin, hence requires suitable economic pretreatment for the efficient utilization of biomass for ethanol production [2] .
Various pretreatment techniques such as steam exploitation, hydrothermal, ultrasound and wet oxidation were reported for lignocellulosic biomass, however these methods are difficult to implement for commercial level of production because of high energy and pressure requirements [3] . Microwave treatment is an energy efficient physico-chemical pretreatment and it is easy to implement for commercial level. Both thermal and non-thermal effects are applied to biomass using microwave irradiation to change the ultra-structure of starch, cellulose and hemicellulose. This is to increase the enzymatic susceptibility of lignocellulosic residues and also degrade the lignin rapidly [2] . Microwave pretreatment have been used for rice straw [4] , wheat straw [5] , sugar cane baggage [6] , sweet sorghum bagasse [7] , switch grass [8] and rape straw [9] ; and ethanol yields are higher than conventional pretreatments. Before implementing microwave treatment, it is essential to determine the energy consumption of this technique which is good enough to achieve economical ethanol production. The objective of this study was to find the energy efficiency of the microwave irradiation technique at various energy inputs and biomass loadings and to assess the suitability of bioethanol production from microwave assisted diluted sulfuric acid pretreated sago bark waste (SBW).
Materials and Methods
Raw materials and Chemicals: The SBW was collected from local sago starch processing factories and it was dried by natural drying for 3 days. Then, it was milled into less than 0.5 mm size powder using domestic blender. Then, 3% (v/v) H 2 SO 4, α-amylase, Glucoamylase and Saccharomyces cerevisiae were selected for experiments. Fig.1 show untreated SBW which contains 58% starch, 22% cellulose, 10% hemicellulose and 4% lignin in dry basis (w/w) [2] . 
Microwave irradiation approaches:
A domestic microwave oven with a frequency setting at 2450 MHz and power outputs of 700, 900 and 1100 W was used. The biomass loading for experiment was fixed by loading 20% dried SBW. 10 grams of dried SBW were submerged in 40 g of 3% (v/v) H 2 SO 4 in a 250-mL conical flask. Then, the flask with a loosen cap was situated at the center of a rotating circular plate in the domestic microwave oven. Pretreatments were carried out at 700, 900 and 1100 W for 30 s, 1 min, 2 min and 3 min. The pretreatments at 700 W/2 min, 900 W/30 s, 900 W/1 min, and 1100 W/ 30 s were selected. Experiments with variable SBW loading were carried out at loading of 20, 40, 60 and 80% at a microwave power of 1100 W for 30 s.
Enzymatic hydrolysis and fermentation methods: 20% SBW after pretreatment was selected for enzymatic hydrolysis which was done at 50°C and pH 6.0 with an enzyme loading of 2.0 g α-amylase and 0.10 g glucoamylase for 6 h. Then it was cooled to the room temperature, 10 g yeast/l liquid was added hydrolyzed samples 700 W/2 min, 900 W/30 s, 900 W/1 min, and 1100 W/ 30 s. Non-treated sample was also taken for hydrolysis. The fermentation in conical flasks was carried out in an incubated shaker at 36°C.
Sugar and Ethanol analysis:
The amount of sugar in the hydrolysate and concentrations of ethanol after fermentation were determined by HPLC using at 60°C and 3 mM H 2 SO 4 as eluent at a flow rate of 0.5mL/ min with the refractive index detector. Refractometer in Brix scale was also used for sugar analysis.
Energy efficiency calculation: The sugar and the ethanol yield were calculated by Eq.1 and Eq.2 respectively and energy consumption to produce 1 g of sugar and 1 g of ethanol was calculated by the Eq. 3 and Eq.4 respectively [9] . 
Results and discussion
Biomass composition: According to the sugar or sugar content, the theoretical ethanol yield was estimated to be 51.0 g ethanol/ 100 g dry SBW, and all sugar initiates in the SBW could be transformed into ethanol, with a yield of 0.51 g ethanol/ g sugar.
Enzymatic hydrolysis: Table. 1 and Fig. 3 shows the sugar yield obtained from enzymatic hydrolysis by different pretreatment conditions. The microwave pretreatment caused advanced enzymatic hydrolysis and credited to water evaporation. As pretreatment time rises, the water content of the SBW becomes too low for efficient microwave action. Perhaps, low water content also caused the reduction in hydrolysis efficiency. Fig. 4 shows the sugar yield for different biomass loadings at the same microwave power and treatment time (1110 W/30s). The maximum sugar yield of 62.6 % was attained at biomass loading of 20% SBW which is higher than rice straw and wheat straw (30-50% sugar yield) reported previously [4, 5] . Ethanol fermentation: Fig.5 show the bioethanol produced from the various pretreatment conditions with 20% SBW loadings. Untreated SBW contributed a very low ethanol yield of around 12 % of the theoretical yield corresponding to 6.1 g ethanol/l. The highest ethanol yield after microwave pretreated SBW at fixed 20 % SBW was achieved with 900 W /1 min (54.8 % of the theoretical ethanol yield, ethanol concentration of 27.9 g/l). 700 W/2 min, 900 W/30 s, 1100 W/ 30 s presented very similar ethanol production which indicated that longer pretreatment time has no significant effect on ethanol production. A decrease in ethanol yield was observed after 60 h of fermentation perhaps due to oxidation or evaporation of the ethanol. 6 shows the ethanol yields achieved at different biomass loadings. The highest ethanol yield was reached at 40% SBW loading (60.2 % of the theoretical ethanol yield, ethanol concentration of 30.7g/l). This value is higher than from 20% SBW loading as this amount of sugar would have only been able to generate 24.0 g/l ethanol. Even though the ethanol yield of 20% SBW loading was higher than that of 80% SBW, the 40% SBW higher loading resulted overall in more ethanol production. The ethanol production from 80% SBW was much lower than that from 40 % SBW and 60% SBW. These results again propose that water content is an important parameter for the efficiency of microwave pretreatment for bioethanol production from starchy lignocellulosic material.
Energy efficiency calculation: The energy consumption of microwave pretreatment was calculated for each sample and reported in Table 2 . At 20% SBW loading, the energy consumption of 700 W/2 min, 900 W/30 s, 900 W/1 and 1100 W/30 s was 2.18, 1.77, 1.72 and 1.09 kJ for producing 1 g of sugar and 4.74, 3.52, 3.87 and 2.37 kJ for producing 1 g of ethanol respectively. In common, 1 g ethanol can produce 27 kJ of energy; however 1 g sugar can only produce 16 kJ of energy. The biomass loadings of 40% SBW with 1100 W/30 s only utilizes 1.76 kJ for produce 1 g of ethanol which is more suitable for commercial scale ethanol production. It was observed that the energy input is several times higher than the energy output in the above four processes because most of the energy was utilized for evaporation of waster during pretreatment.
Evaporation of 1 g of water requires 2.5 kJ of energy at an initial temperature of 25°C. For, the water loss of 700 W/2 min, 900 W/30 s, 900 W/1 and 1100 W/30 s was 8.2, 5.6, 11.2 and 7.8 which means 20.5, 14, 28 and 19.5 kJ of energy used for the water evaporation. Hence, 30-60 % of the energy input was used for water evaporation. The water losses for 20, 40, 60 and 80% SBW were 10.2, 8.5, 6.5 and 4.5 g respectively matching to energy inputs of 25.5, 21.3, 16.3 and 11.3 kJ of energy for evaporation. The energy consumption of samples with higher biomass loadings was thus much lower than those of samples with less biomass loading; however, sugar and ethanol yields drop at high biomass loadings. The energy consumption under optimal conditions in this study was much lower than that observed in other studies. Xubian et al. [9] used 900W for 1 min and achieved an ethanol yield of 65%, but with an energy input of 10.9 kJ/g ethanol. Therefore, the microwave technique developed for SBW to produce ethanol succeeded in 80 % energy savings for producing 1 g ethanol compared to rape straw by microwave pretreatment reported previously by Xuebin et al. [9] . Fig. 7 & 8 shows the fermented and filtered bioethanol respectively. 
Conclusion
Microwave treatment advances the enzymatic hydrolysis and fermentation yield. Microwaves irradiation generates higher power densities which enable higher ethanol production rates and lower production costs contrasting conventional heating treatments. The shorter time in microwave treatment gives better ethanol yield and as much energy saving. Moreover, longer time microwave treatment is not suitable because of more energy wasted for evaporating water in biomass. It is concluded that microwave irradiation with high power and short time was more energy saving technology and more useful in the future for commercial ethanol production.
